A study of the vacuum-ultraviolet (VUV) fluorescence spectroscopy of NF 3 in the 11-30 eV range is presented. Synchrotron radiation from BESSY1, Berlin provides the VUV excitation source. Emission due to NF b
Introduction
Due to the use of NF 3 as a main constituent in some dry etchants, interest has been generated regarding its behaviour when subjected to vacuum-ultraviolet (VUV) excitation. In a series of papers our group has shown that VUV fluorescence spectroscopy can be an extremely useful technique for probing both spectroscopic and dynamic behaviour of the Rydberg states of polyatomic molecules [e.g. 1, 2] . Other groups, using high-energy electrons or radiofrequency (RF) discharges, have sought to diagnose the emissions which are produced following the VUV excitation of NF 3 [3] [4] [5] . The observed emissions were assigned to electronic transitions in NF, NF 2 and F. It should be noted that where NF 2 * emission was proposed, the individual states involved were not identified. Fluorescence from either the parent molecule or parent cation was not detected. Although the experiments of these previous workers were largely successful, their progress was hampered by the nature of the excitation sources employed. High-energy electrons and RF discharges are neither well defined nor, in the case of the former, easily tunable. The advantages of synchrotron radiation (SR) are that coverage of the VUV region is complete and tunabilty, via a grating monochromator, is straightforward. By utilising these considerable advantages of SR in the region 10-30 eV, it is the aim of this work to improve the understanding of the processes which occur following the VUV excitation of NF 3 , and provide useful information for material processing industries.
The NF 3 molecule belongs to the C 3v point group and its electronic configuration is ....(3a 1 ) 2 (3e) 2 (1a 2 ) 2 (4e) 2 (4a 1 ) 2 . The numbering scheme does not include the atomic 1s orbitals.
The He I photoelectron spectrum has been measured by several groups [6] [7] [8] , but a photoabsorption spectrum, surprisingly, has not been reported in the literature. 
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Energetics of the key dissociation channels
The thermochemical dissociation energies (∆ r H 0 ) associated with the key fragmentation channels of NF 3 are given in Table 2 . Unless otherwise indicated, the species involved are in their ground electronic states. The values were calculated from 0 K heats of formation taken from the JANAF tables [32] . The energies of the NF b 1 Σ + and F 2 A 1 Π u states are taken from Douglas and Jones [17] , and Huber and Herzberg [33] , respectively.
Experimental
The experiments were performed at the 0.8 GeV synchrotron radiation (SR) source at BESSY, Berlin. The set-up has been described in refs. 1-2. Only brief details are given here.
The fluorescence apparatus is attached to the storage ring via a 1. The sample was manufactured by Fluorochem. It was supplied in a pressurised lecture bottle and used without further purification.
In the multi-bunch mode of the synchrotron three experiments are performed. First, the energy of the SR (E 1 ) is scanned whilst the secondary monochromator is set to zero order.
This mode of operation results in a fluorescence excitation spectrum. Second, E 1 is set to a single value and the wavelength (λ 2 ) of the secondary monochromator is scanned. A dispersed fluorescence spectrum is obtained. Third, action spectroscopy is performed by scanning E 1 and setting λ 2 to a single value corresponding to the position of an emission band. From such spectra, appearance energies (AEs) associated with a particular excited species, can be 
Results
A fluorescence excitation spectrum was measured from 10-30 eV, at a resolution of 0.3 nm.
( Fig. 1 ) All peaks observed, have a shape which is characteristic of a resonant primary photoexcitation process ( A + hν → A*). It is likely, therefore, that the observed emission is caused by electronic transitions in neutral fragment species. The peak positions for bands I-VII in Fig. 1 (Fig. 2) . In all cases, the spectral resolution employed was 8 nm. For and 4a merely reflects the change in cross section for the primary excitation process at this energy (see the onset of band VII in Fig. 1) , and does not, therefore, represent the onset of a second dissociation channel. A summary of the range of excitation energies, E 1 , and emission wavelengths, λ 2 , for each emission band is given in Table 3 .
Lifetime measurements were made for three of the emission bands, at 325, 410 and 529 nm (Fig. 5) were not measured because the count rates were too low.
Discussion
In Section 5, the 528 nm band was assigned to NF b
, whilst the other four broader bands were attributed to transitions between excited states of the NF 2 molecules. The aim of this section is to justify the assignments and attempt to make them more precise. Since the fluorescence excitation spectrum (Fig. 1) contains only resonant features, the fluorescing species must all be neutral fragments formed by the (pre-)dissociation of Rydberg states of NF 3 . The possible candidates are N*, F*, F 2 *, NF* and NF 2 *. The atomic species can be eliminated as every feature (Fig. 2) , has a full-width at half maximum (FWHM) greater than spectroscopy of the F 2 molecule is well known up to the K 1 Π u state [33] . The only band in F 2 that fits to one of those observed in the dispersed fluorescence spectra (Fig. 2) is the A 1 Π u − X 1 Σ g + transition (maximum = 285 nm) [33] . The appearance energy (AE) of the 292 nm emission is 15.5 ± 0.5 nm, whilst the ∆H rxn associated with the highest energy channel for producing F 2 A 1 Π u is 11.33 eV. This shift does not of course rule out the possibility that F 2 A formation of F 2 A 1 Π u between 11.33 and 15.5 eV. The magnitude of the discrepancy, however, renders these possibilities unlikely for this type of system.
The spectroscopy of NF was reviewed in Section 2. It is extremely likely that the band observed at 525 nm (Fig 2a) is that identified by Douglas and Jones [17] , and assigned to NF Bettendorrff and Peyerimoff [28] have predicted that the higher states of NF are all repulsive.
Hence, it is unlikely that any of the other emission bands are caused by transitions in NF.
Conversely, Obase et al. [21] have observed emission at ca. 460 nm, and assigned it to the c 1 [35] . This made it possible for the Ẽ − Ã , C − X , B − X and Ã − X transitions in PF 2 to be identified in the dispersed fluorescence spectra of PF 3 [1] . Since these calculations have not been performed for NF 2 , the emission bands cannot be assigned to particular transitions.
The following comments can, however, be made. A combination of the thermochemistry, appearance energies and the calculations of Cai et al. [15] likely that the emitting states lie at higher energy than that of the 325 and 410 nm bands.
Unfortunately it was not possible to measure the lifetimes associated with emission at either 325 nm and 410 nm. The action spectra at these two wavelengths are also sufficiently different to discount the involvement of a common state of NF 2 being responsible for these two emission bands.
Conclusions
A study of the VUV fluorescence spectroscopy of NF 3 has been presented. Emissions have been assigned to transitions between excited states of NF and NF 2 , produced by (pre-)dissociation of the Rydberg states of NF 3 . In contrast with previous work, using high energy electrons (200 eV) [3, 4] , there is no evidence of F emission, presumably because the excitation energy (E 1 < 30 eV) is too low. The lack of comprehensive ab initio calculations in the literature has prevented the assignment of the NF 2 emission bands. In turn, due to the lack of assignments, the dynamical information that can be inferred from the AEs is extremely 
List of Tables
